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Role of Grain Size in the Strength and

R-Curve Properties of Alumina

Prapaipan Chantikul,” Stephen J. Bennison,** and Brian R. Lawn*
Ceramics Division, National Institute of Standards and Technology, Gaithersburg, Maryland 20899

An investigation of the interrelationships between strength,
crack-resistance (R-curve) characteristics, and grain size
for alumina ceramics has been carried out. Results of
indentation—strength measurements on high-density alumi-
nas with uniform grain structures in the size range 2 to

80 um are presented. A theoretical fit to the data, obtained

by adjusting parameters of a constitutive frictional-pullout
relation in a grain-bridging model, allows determination
of the critical microstructural parameters controlling the
R-curve behavior of these aluminas. The primary role of
grain size in the toughness characteristic is to determine the
scale of grain pullout at the bridged interface. It is shown
that the strength properties are a complex function of the
bridged microstructure, governed at all but the finest grain
sizes by the stabilizing effect of the R-curve. The analysis
confirms the usual negative dependence of strength on grain
size for natural flaws that are small relative to the grain
size, but the dependence does not conform exactly to the —2
power predicted on the basis of classical “Griffith~-Orowan”
flaws. The analysis provides a self-consistent account of
the well-documented transition from “Orowan” to “Petch”
behavior. [Key words: grain size, strength, R-curve, alu-
mina, bridging.]

I. Introduction

HE influence of grain size on the strength of intrinsically

brittle solids, particularly of aluminas and other noncubic
ceramics, has been well documented."!* Generally, the
strength is observed to decline with coarsening of the grain
structure. An understanding of the strength/grain-size depen-
dence is an important element in the microstructural design
of structural ceramics.

The earliest nonempirical accounts of the observed trends’
were based on the simplistic Griffith concept of spontaneous
failure from a dominant flaw. If it is assumed that the intrin-
sic flaw scales with grain size and that the toughness is single-
valued, a so-called “Orowan” relation ensues in which the
strength is proportional to the inverse square root of grain
size.” Most data can be force-fitted reasonably well with this
relation down to “intermediate” grain sizes (10 to 40 um in
alumina), at which point the size dependence is markedly re-
duced.”™ This latter region is manifested as a secondary,
“Petch” branch of low slope and nonzero intercept on a
strength versus (grain size)""? diagram.'® Various interpreta-
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tions of the transition have been proposed: a precursor
“microplasticity” stage in crack initiation from the flaw®'
(from literal adaptations of the original metals-based Hall-
Petch model); the stabilizing influence of local (machining,
thermal expansion mismatch) residual stresses in the flaw ex-
tension'®"”; the dominance of extrinsic (e.g., machining) flaws
in the small-grain-size region,'™? with any microstructural
dependence attributable to a monocrystal-to-polycrystal in-
crease in the crack resistance.”®'”® A common feature of
these proposals is that the supporting evidence cited is invari-
ably circumstantial: i.e., the evolution of the critical flaw to
final instability is never observed directly. Indeed, there is a
persistent school of thought that dismisses all of the above
explanations, suggesting instead that (with proper attention
to distributions in grain size) the fine-grain region can be rep-
resented adequately by an Orowan relation with simple grain-
size-independent, extrinsic flaw cutoff.

Central to the continuing debate are the issues of non-
unique toughness and crack stability. In the early 1980s ef-
forts were made to construct broad-based models which took
into account both these factors.””"** Those models used em-
pirical functions to represent a monocrystal-polycrystal tran-
sition in toughness and thereby predicted a stable region of
crack growth prior to failure. Again, little or no attempt was
made to confirm the models with direct experimental ob-
servations of flaw micromechanics. The lack of definitive ex-
periments on materials with well-characterized toughness/
crack-size properties and properly controlled flaws has not
helped to resolve the debate.!41%23

More recently, direct evidence for departures from single-
valued toughness in polycrystalline ceramics, predominantly
in aluminas?*? but also in other (noncubic) materials, has
become available. (Typically, for an alumina of grain size
=20 pm, the toughness increases from a value of =2 to
6 MPa- m'”? over a crack extension ~5 mm.) This rising tough-
ness, termed “R-curve” (or “T-curve”) behavior, becomes more
pronounced as the grain size increases.”®” Further studies
using controlled indentation flaws in alumina®*-* demon-
strate that the R-curve strongly stabilizes crack growth, such
that the critical flaw may extend several times its original
dimension prior to failure.” In situ observations of the inden-
tation flaws (as well as of other well-defined crack geometries)
during applied loading unequivocally identify the underlying
cause of this stabilization as crack-interface bridging by inter-
locked grains behind the crack tip.*** These same observa-
tions reveal that the crack first propagates through one or two
grain diameters and then arrests (“pop-in”), and thereafter
grows erratically during the prefailure growth.® The failure
condition shows strong departures from Griffith behavior,
with a pronounced tendency for the strength to become in-
dependent of indentation load in the small-flaw domain
(“flaw tolerance”).3:333536

Theoretical fracture mechanics treatments of the crack-
bridging process have been developed on the basis of fric-
tional grain pullout.”*>* The most recent analysis™ makes a
special effort to incorporate essential elements of the micro-
structure into the fundamental constitutive relation for the
pullout, especially the role of thermal expansion anisotropy
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stresses in augmenting grain-boundary friction. The model is
thereby able to account for the observed tendency to more
pronounced R-curves with coarsening microstructure. More
appropriately, it has the necessary ingredients for a universal
characterization of the grain-size dependence of strength,
over a broad spectrum of flaw sizes (subgrain to multigrain)
and types (“natural” as well as indentation).* Interestingly,
the predicted dependence for natural flaws in the coarse-
grained region can be significantly less than the power —% of
Griffith—-Orowan. A preliminary comparison with some liter-
ature data on alumina appeared to substantiate this predicted
departure from ideal behavior.’

In the present study we investigate the interrelationship be-
tween strength and grain size in greater depth. Indentation—
strength experiments are conducted on high-density aluminas
with uniform grain structures in the size range 2 to 80 um.
The surfaces of the specimens are finely polished to mini-
mize the intrusion of extrinsic flaws. It is confirmed that
strength is a multiregion function of grain size, governed at
all but the finest microstructures (<5 um in our alumina) by
the stabilizing effect of the R-curve. Analysis of the data in
terms of the grain-bridging model provides a self-consistent
account of the strength properties. For very small flaws the
negative grain-size dependence of strength indeed differs (if
only slightly) from power —%; for very large flaws the depend-
ence is the same in the coarse-grain region, somewhat lower
but still negative in the intermediate-grain region, and is actu-
ally predicted to become slightly positive in the fine-grain
region. A fit of the grain-bridging model to the data, obtained
by adjusting microstructural quantities in the constitutive
frictional pullout law, allows deconvolution of the critical
R-curve parameters for the alumina.

II. Experimental Procedure

(1) Preparation of Alumina Specimens

A fabrication procedure based on the Lucalox® process
was used to produce high-density, single-phase a-Al,O; spec-
imens with homogeneous, equiaxed grain structures. Powder
preparation was carried out in class A-100 clean-room condi-
tions. Ultra-high-purity Al,O; powder"' was doped with trace
MgO (Mg/Al = 500 at. ppm, i.e., below the solid solubility
limit for Mg in Al,O; at the firing temperatures used below)®
by addition of a magnesium nitrate solution in methanol. The
slurry was continuously stirred during drying and then deag-
glomerated by crushing. Disks 25 mm in diameter and 5 mm
in thickness were fabricated by uniaxial pressing at 50 MPa
using a high-purity graphite die, punch, and spacer assembly.
Removal of any textural defects associated with nonhydro-
static pressures was achieved by subsequent wet-bag isostatic
pressing at 350 MPa. A green density =55% of the theoretical
limit was attained by this procedure.

The green disks were packed in loose powder of identical
composition in high-purity alumina crucibles for heat treat-
ment. Two firing stages were employed. The first consisted of
calcining at 1150°C in air for 24 h followed by sintering at
1550°C for 30 min (MoSi, resistance furnace). This yielded
specimens of =99% density with 1.8-um grain size. The sec-
ond stage involved postsintering heat treatments under reduc-
ing conditions (N, gas, graphite-element furnace), in separate
batches at prescribed hold times and at temperatures between
1550° and 1800°C. This promoted grain growth, producing
specimens in the grain-size range 2 to 80 wum. All heating
cycles were carried out at a maximum heating/cooling rate of
500°C/h.

Sample specimens from each batch were subjected to micro-
structural characterization. Densities were measured by the

37,38
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Archimedes method using water as the immersion medium.*
Surfaces were prepared for optical microscopy by diamond
polishing to 1 um. The microstructures were revealed by
thermal etching (air, 1550°C, 12 min) and the grain diameters
measured using the linear intercept technique.” Unetched
specimens were examined in transmitted light for the inci-
dence of spontaneous microcracking.

(2) Indentation—-Strength Testing

Prior to testing, each remaining disk was machined to a
thickness of 2.5 mm and the prospective tensile face diamond-
polished to a 1-um finish. Most specimens were indented at
their face centers with a Vickers diamond pyramid at contact
loads between 0.2 and 200 N. Some were left unindented as
controls. All indentations were made in laboratory ambient
and allowed to stand for 10 min. Biaxial strength tests were
then made using a flat circular punch (4-mm diameter) on a
three-point support (15-mm diameter).*> A drop of silicone oil
was placed onto the indentations prior to testing, and failure
times were kept below 20 ms, to minimize effects from mois-
ture-assisted kinetic crack growth. “Inert” strengths were cal-
culated from the breaking loads and specimen dimensions
using thin-plate formulas.*> Special care was taken to exam-
ine all specimens after failure in the optical microscope to
verify the contact site as the origin of failure. Breaks that did
not pass through the indentations were incorporated into the
data pool for unindented controls.

Optical and scanning electron microscopy was also used to
examine the fracture surfaces to determine the relative
amounts of intergranular and transgranular cracking.

III. Experimental Results

(1) Characterization of Microstructure and
Fracture Surfaces

Figure 1 shows representative microstructures of two alu-
minas, at opposite extremes of grain size. The grain struc-
tures are equiaxed and of narrow size distribution (maximum
diameter < twice mean diameter—“Hillert’s criterion™), as
is appropriate to an investigation of a size effect. Such
equiaxed structures may be taken as circumstantial evidence
for the lack of any intergranular glassy phases.* The defect
population in Fig. 1 appears to consist predominantly of
surface-intersected pores at triple-point junctions (seen to
better advantage in Fig. 1(B)) and occasional grain pullouts
due to polishing (e.g., at upper right in Fig. 1(A)). The small
scale of the defects indicates that we have attained high
density: actual measurements yield =99% of theoretical den-
sity at all grain sizes.

The translucence of our materials also allowed the internal
flaw population to be investigated in the bulk material, using
transmitted light. Figure 2 is an example. Small pores are
again evident on a substantial fraction of the triple-point
sites. Such pores can be effective sources of grain-facet crack-
ing and are thereby believed to constitute a principal compo-
nent of the intrinsic flaw population in our materials. More
apparent are extended microcracks, on the order of two to
three grain-facet dimensions, which have generated sponta-
neously under the action of local thermal expansion an-
isotropy stresses during the processing. The first incidence of
such microcracks was observed at grain sizes as low as 35 um,
beyond which the number density increased markedly with
coarsening of the microstructure.

Figure 3 shows fracture surfaces of the same alummas in
Fig. 1, after biaxial strength testing. These micrographs re-
veal a mixture of fracture modes, =70% intergranular and
=~30% transgranular in our aluminas. This represents a some-
what larger proportion of transgranular mode than noted in
our previous studies using a commercial alumina, which was
characterized by a distinctly less uniform grain structure.
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Fig. 1. Microstructure of polished alumina surfaces:
(A) SEM, ¢ = 2.5 um; (B) optical, reflected light,
¢ = 79.8 um. Surfaces have been thermally etched to re-
veal grain structure.

& -

&

ﬁ’ ” 50pm

Fig. 2. Optical micrograph of alumina of grain size ¢ =
35 wm, transmitted light. Note the triple-point pores (P)
and extended microcracks (C-C).

Fig. 3. Scanning electron micrographs of alumina frac-
ture surfaces, grain sizes (A) ¢ = 2.5 and
(B) ¢ = 79.8 um (same specimens as Fig. 1).

Again, we may note the presence of pores at the grain-
boundary junctions in Fig. 3.

(2) Indentation—-Strength Data

Figure 4 plots the measured inert strengths as a function of
indentation load for each grain size. Each data point repre-
sents the mean and standard deviation of an average four
indentation-flaw failures; the hatched region at left represents
failures from natural flaws. The solid curves through the data
are best-fit predictions from the theoretical model, to be de-
scribed below (Sections IV and V).

The strength data in the individual plots are marked by a
distinctive tendency to a plateau at smaller indentation loads.""
This tendency is a manifestation of the R-curve:*****% for
materials with single-valued toughness, the strength should
follow a simple power-law (load) ' dependence.”=*’ The

"Note that the plateaus in Fig. 4 are asymptotic to the strength levels for
natural flaws (hatched regions at left), for all but the finest grain size, i.e.,
¢ = 2.5 um (Fig. 4(A)). Such gradual, asymptotic transitions are a definitive
characteristic of R-curve behavior.” The more abrupt, nonasymptotic cutoff
in Fig. 4(A) is indicative of the dominance of extrinsic flaws. We return to
this point in the Discussion.
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Fig. 4. Plots of inert strength o, versus indentation load P, for aluminas of grain size (A) ¢ = 2.5 pum, (B) ¢ = 9.1 um,
(C) ¢ = 14.6 pm, (D) ¢ = 21.2 um, (E) ¢ = 35.2 um, (F) ¢ = 47.6 um, (G) ¢ = 60.3 um, and (H) ¢ = 79.8 um. Curves are best

fit from bridging model in Sections IV and V.
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strength plateau is lower, but stronger (i.e., persists over a
greater range of contact load), at larger grain sizes. One may
also note a disposition for the data sets at any two grain sizes
to cross each other at some point along the load axis. We shall
discuss these trends in relation to transitions from Orowan to
Petch behavior in Section V.

IV. Theory

We summarize here the essence of the grain-bridging the-
ory of R-curve (T-curve) and strength characteristics in mono-
phase ceramics as it pertains to grain size.* It is implicit in
this endeavor that the principle of similitude applies to our
materials, i.e., that the microstructure scales geometrically
with grain size.

(1) Grain-Bridging and T-Curve (R-Curve)

Begin by defining a general stress intensity factor condition
for the equilibrium of a crack subject to an applied tensile
loading field, K,(c), a flaw-localized residual nucleation field,
K.(c), and a microstructure-associated field, K,(c).****
Equilibrium obtains when the net crack-tip field, K«(c), just
balances the toughness associated with the creation of (inter-
granular or transgranular) surfaces, Tp:

Ki(c) = Ki(e) + Ki(c) + Kule) = Ty @)

This requirement can be restated by considering K, and K, as
part of the net applied mechanical field, K4, and K, = —-T,
as part of the internal toughness, 7, i.e.

Ka(c) = Ka(c) + Ki(c)
=Ty + T,(c) = T(c) )

The toughness function T'(c) constitutes the so-called T-curve,
the K-field equivalent of the R-curve.

Our principal aim is to express T,(c) in terms of grain size
and other microstructural variables.® The stress—separation
micromechanics are assumed to be governed by thermal ex-
pansion mismatch stresses, which “clamp” the interlocking
bridging grains into the matrix. (We have already noted
the manifestations of such internal stresses in relation to
the microcracks in Fig. 2.) As the crack walls move apart, the
bridging grains debond along the constrained boundary facets
and then slide out against frictional tractions at these bounda-
ries until final “rupture” at some critical strain.*’** Ignoring
the debond stage (which consumes relatively little energy™),
the constitutive relation between the closure stress p and
(half) crack-opening displacement u may be written32%

pw) = pu(l — ufu) ©)

where py is the maximum resistance stress (at u = 0) and 2u,
is the wall-wall displacement at bridge-matrix disengagement
(at p = 0). For geometrically similar microstructures, these
last two quantities may be determined more explicitly in
terms of the grain size £:*

2u( = 6(8 (40)
pu = (deepog) (1 — 1/2a3) (4b)

with bridge rupture strain e, coefficient of sliding friction p,
magnitude of internal stress o, and ratio of bridge-spacing to
grain-size a, = d/¢ all scale-independent parameters. Sche-
matic plots of the constitutive relation are given for different
grain sizes in Fig. 5. Note that ¢ enters the formalism exclu-
sively through the grain pullout distance u,, and not through
the closure stress py.

Now consider the evolution of a half-penny crack, radius c,
through the microstructure, Fig. 6. The solution for T,(c) may
be subdivided into three domains.*

(A) Small Cracks: (c < d), no bridge intersections. The
crack is assumed to initiate in a region of local matrix tensile
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but that corresponding stress py in Eq. (4b) is completely
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residual stress, assumed uniform at +o, whence
Tu(c) = —yorc'? (5)

with ¢ a geometry coefficient.

(B) Intermediate Cracks: (c = d, 0 < 2u < ), bridges
intersected. There are two contributions in this region,
T,(c) = T.(c) + T.(c). The first is a persistent, opening post-
intersection component from the tensile stress +ox in (A); a
Green’s function integration yields

Tu(0) = —yore'1 = (1 — ajt*/c*)?] (6)

The second is a countervailing closing component due to the
bridging tractions in Eq. (3). One may use the J-integral to
determine the corresponding crack resistance component R,
in terms of crack-opening displacements.*

uz
J, = 2[ p(u) du
0

= 2ppuz(l — uz/éee) = Rﬁ(uz) (7

where the displacement u; = uz(c) at the edge of the bridging
zone (i.e., point of first bridge intersection at ¢ = d = a,f,
Fig. 6) may be evaluated separately from the approximate
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Fig. 6. Schematic of growth of pennylike
crack in bridging field: (A) side view,
(B) projection view. (Open squares are out-
of-plane bridging grains.)
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Sneddon crack profile relation
uz(c) = WK4/E)(c* = ait)/c]? @®

to give R (c). The toughness T, may be related to the crack
resistance R}, by eliminating J, and K, from the equivalent
equilibrium relations J, = T§/E' + R, and K, =T, + T},
(Eq. (2)) viaJ, = K3/E':>®

Ti(e) = [E'RLAT[L + T3/ER (O]
- [TH/E'RLC)"™} ©

Equation (9) is an implicit function in T, so Egs. (2) and (7)
to (9) must be solved simultaneously.”

(C) Large Cracks: (¢ > d, 2uz = €.{), bridging zone
translates with crack, and T, = T, + T, becomes invariant
with crack size.

We shall consider the explicit form of T(c) in specific rela-
tion to our aluminas later. For the present we simply empha-
size that the contribution to the toughness from the local
matrix tensile residual stress is negative (Egs. (5) and (6)) and
thereby diminishes the stability at small crack sizes, whereas
the contribution from the frictional pullout is positive (Eq. (9))
and strongly enhances the stability at large crack sizes.>35 It
is these opposite tendencies at extremes of crack size that ac-
count for the spontaneous initiation and arrest of the micro-
cracks in Fig. 2.

(2) Flaws and Strength Characteristics

Now consider the evolution of flaws through the bridging
field under the action of a uniform applied stress o,, corre-
sponding to a stress-intensity factor3%-3

K, = yo,c'? (10)
so that Eq. (2) transposes to
0a(c) = (") [T(c) = K, ()] (11)

The strength response may then be determined by properly
applying the crack instability condition do,(c)/dc = 0 (equiva-
lent to dK,(c)/dc = dT(c)/dc*®). In relation to Griffith flaws
(T = T, = const, K, = 0), for which Eq. (11) reduces to a
single, monotonically diminishing branch, the stabilizing in-
fluence of the T(c) and K,(c) fields is manifest as maxima in
the o,(c) function.’>* Ultimate failure at o, = o,, corre-
sponds to the greatest of these maxima.

It remains to specify the quantities K, in Eq. (11) and initial
sizes c; for the flaw types of interest. For the controlled Vick-
ers flaws used to obtain the data in Fig. 4, we have*>"

K, = xP/c**? 12)

with P the indentation load and x an elastic—plastic contact
coefficient; c¢; is then determined by the condition o, = 0 in
Eq. (11). For the grain-facet processing flaws which determine
the intrinsic strength characteristics, we simply set K, = 0.
According to the observations in Section III(1), the initial
size of these flaws is on the order of one grain facet but, to
allow conservatively for the possibility of preexisting ex-
tended microcracks (Fig. 2), we assume one bridge spacing,
¢; = aq¢. Finally, for extrinsic flaws we again set K, = 0; in
this case the values of ¢; are to be specified independently.

V. Analysis of Alumina Data in Terms of Bridging Model

Now let us apply the theory of the previous section to ob-
tain fits to the data in Fig. 4 and thence to determine the
T-curves for our aluminas. We do this by choosing initial val-
ues for the microstructural parameters and then adjusting
these parameters using an iterative algorithm.

(1) Regression Algorithm
We begin by specifying first values for the material and

geometrical parameters in the strength formulation, using -

estimates from a previous analysis on a commercial alumina.*®
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Some of these parameters are regarded as invariants in the
regression: geometry coefficient ¥ = 1.24 (penny cracks),*
Young’s modulus E' = 409 GPa, and indentation flaw param-
eter y = 0.018 (“pure” alumina).” Other starting parameters
are treated as adjustable: T, = 2.5 MPa-m'” for the grain-
boundary toughness and ox = 155 MPa for the internal stress;
bridge rupture strain e, = 0.14 and (normalized) bridge
spacing a, = 1.5; and friction coefficient u = 1.8.

The regression algorithm for best fitting the o,,(P) data is
based on a matrix search routine:***® (i) compute trial T-curve
based on starting values of parameters; (ii) evaluate function
o,(c) in Eq. (11), using all individual (rather than mean) test
points, at each indentation load and grain size for which
experimental data are available; (iii) determine the inert
strength o, as the largest maximum in each such o,(c) func-
tion; (iii) compare predicted strengths with measured values
for each set of parameters, and evaluate the net variance in
o, over all loads and grain sizes; (iv) adjust the floating
parameters (T, or, €, aq, u), With increasing refinement in
the increment size in successive iterations, and thence deter-
mine the parameter set with minimum variance.

(2) Data Fits and Deconvolution of T-Curves

The best fit to the strength data for our alumina cor-
responds to the following material parameters: T =
2.75 MPa-m'2, o = 380 MPa, ¢ = 0.040, a, = 1.0, and
u = 1.6; the standard deviation in o, over all data is 17 MPa.
This parameter fit is represented by the solid curves in Fig. 4.
(Compared with the above starting values from our earlier
data fit, we may note an increase in Ty and o, a decrease in
€.) It can be seen that the theory accounts for the major
grain-size dependencies in the indentation—strength data sets,
particularly the relative positions and widths of the plateaus
and the crossover tendencies. For ready comparison, the
curves for the various grain sizes are plotted on the composite
diagram of Fig. 7.

Deconvoluted T-curves resulting from the parameter fit are
shown in Fig. 8. The strongly decreasing toughness with crack
extension at small crack sizes (negative branch) reflects the
high level of local (thermal expansion anisotropy) tensile
stress acting on the flaw. After the first bridge intersection at
¢ = agyf the toughness curves rise markedly (positive branch),
especially for the coarser grain structures, reflecting the
scaling effect in the grain pullout length. It is this rising por-

#Strictly, ¢ should be a function of the ratio of crack length to specimen
thickness. In our experiments the maximum crack size at failure was
=~(.5 mm, i.e., about 20% of the specimen thickness, which leads to a maxi-
mum error of =7%.” This error is considerably smaller than the shifts in
strength values from grain size to grain size in Fig. 4 and is neglected here.
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Fig. 7. Composite plot of best-fit ¢,,(P) curves for the alu-
minas in Fig. 4. Note tendency for curves at different grain
size to cross over at intermediate indentation loads.
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Fig. 8. Toughness curves for aluminas of grain sizes, de-
convoluted from theoretical fits in Fig. 7.

tion of the curves that largely determines the strength prop-
erties. A flaw which becomes unstable at applied load K4 =
K, = $o,c? (Eq. (10)) on the negative branch just to the left
of the minimum propagates unstably and arrests on the posi-
tive branch; this accounts for the “pop-in” behavior observed
experimentally.® The particular curve for which the con-
dition ¢ = a4f coincides with the abscissa (K, =T = 0 in
Eq. (2)) determines the critical grain size for spontaneous
pop-in; from Fig. 8 we estimate ¢ = 30 um for our alumina,
consistent with the first observation of microcracking in Fig. 2.

From the parameter fits in Fig. 4 we determine the
strength/grain-size characteristic for intrinsic flaws (K, = 0)
shown in Fig. 9. Recall our assumption of an initial size
¢; = agf for such flaws; in fact, the computed strength curve
is insensitive to wide variations in this initial flaw size,*® as
befits a truly intrinsic property. The predicted curve has a
slope close to, but not exactly, —2; nor, indeed, is the curve
linear on the logarithmic plot. Note that only the data point
corresponding to the very smallest grain size deviates signifi-
cantly from this curve, suggesting that the stabilizing influ-
ence of the T(c) function exerts a controlling influence in all
but the finest microstructures.

VI. Discussion

The bridging model accounts for the main features of the
indentation strength-load response for our aluminas. It ex-
plains, in particular, the flaw tolerance qualities apparent in
the data of Fig. 4 and thereby accentuates the inadequacy of
the simple Griffith flaw concept. It is no longer valid to con-
sider toughness T as a material constant (although the intrin-
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Fig. 9. Strength versus grain size for alumina. Data points
are breaks from specimens without indentations; solid curve
is prediction for intrinsic, microstructure-controlled flaws
using indentation-strength parameters from fits in Fig. 4.
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sic grain-boundary toughness T; is invariant) or the critical
flaw size at final instability to be proportional to grain size:
the stabilizing influence of the T-curve fundamentally and
dramatically transforms the micromechanics of failure.

We noted the capacity of the bridging theory to fit all the
major trends in the alumina indentation-strength data of
Fig. 4, over the entire range of grain sizes covered. Because
there are several adjustable parameters involved in this fit,
the “agreement” cannot be taken as “proof” of the model.*
The validity of the bridging concept rests with the direct
observations of crack evolution reported elsewhere.” Once
“calibrated”, the formalism allows us to quantify the role of
grain size (as well as other microstructural variables) in the
strength characteristics. Thus we recall that the grain-size ex-
ponent in the strength curve for intrinsic flaws in Fig. 9 is
close, but not exactly equal, to the value —% for ideal Griffith
flaws: there is nothing in the bridging theory to suggest that
this exponent should necessarily assume any universal value
or indeed that the relation should be power law at all.

In this context it is interesting to compare the fit to the
present alumina data with the earlier fit to a commercial alu-
mina.*® There, a forced power-law fit yielded an exponent
closer to —'5. Two experimental observations distinguish our
material from that used in the earlier study: the microstruc-
ture is considerably more uniform in size and shape (the com-
mercial material showed evidence of some abnormal grain
growth), and the fracture mode has a stronger transgranular
component. This may be correlated with the relatively high
grain-boundary toughness Ty and internal residual stress o,
and low bridge rupture strain €, indicators of grain boundaries
which are less susceptible to debonding, hence pullout. Here
is an example where an element of control in microstructural
development could be counterproductive: comparative ex-
amination of the indentation—strength data sets confirms that
the present materials have less pronounced 7-curves and are
therefore less flaw tolerant. The implication is that inhomo-
geneity and nonuniformity in the microstructure, e.g., elon-
gate grains (to increase u, in Eq. (4a)*®), may actually be
desirable features from the structural standpoint.

The bridging model also provides insights into the role of
flaw states in the Orowan-Petch transition referred to in
Section I. To illustrate, we replot from Fig. 9 the strength data
for unindented surfaces as a function of inverse square root
grain size in Fig. 10. Included in Fig. 10 are the corresponding
predicted responses for intrinsic flaws (solid curve, K, = 0,
¢; = a4f) and extrinsic flaws (dashed curve, K, = 0, ¢; as
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Fig. 10. Similar to Fig. 9, but with abscissa replotted as in-
verse square root of grain size, with data points again for
unindented specimens and solid curve for intrinsic flaws.
Also included as dashed curves are predictions for extrin-
sic flaws of specified initial size ¢;. Note insensitivity of
strength to flaw characteristics in large-grain-size domain.
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specified). We note that the dashed and solid curves merge in
the large grain-size (Orowan) domain. The insensitivity of
the predictions to any assumptions concerning type or size of
initial flaw in this domain (attributable to the T-curve stabi-
lization) indicates a failure condition determined exclusively
by material properties. Note again that the solid curve is not
exactly linear in this region, as would obtain if true Griffith—
Orowan behavior were to prevail.¥ On the other hand, in the
small-grain-size (Petch) domain the strengths are highly flaw
sensitive, and the dashed curves diverge substantially from
the Orowan branch, the more so as ¢; increases. On passing
into this region, the extrinsic flaws become increasingly
larger than their microstructural counterparts and thereby
traverse the upper reaches of the T-curves in Fig. 8 where
precursor stable crack growth prior to failure no longer oc-
curs.”>*® We note that only one of the data points in Fig. 10,
that at the finest grain size (¢ = 2.5 um), appears to fall into
the extrinsic domain: this result implies an initial flaw size
¢; = 15 pum for our polished surfaces. For the larger extrinsic
flaws, the dashed curves in Fig. 10 pass through a slight maxi-
mum at fine grain sizes (i.e., into a region in which o, actu-
ally increases with respect to ¢), reflecting the crossover to
positive dependence of steady-state toughness on grain size at
right in Fig. 8.

The results of the present study have some intriguing impli-
cations concerning microstructural design for improved struc-
tural materials. We have already alluded to the potential for
engineering grain-boundary structures (as they affect Ty, og,
€, etc.) and grain texture (elongate grains) to impart re-
spectable toughness properties to otherwise inherently brittle
single-phase ceramics.* Perhaps the most far-reaching con-
clusion to emerge from the analysis is the relatively benign
role of processing flaws in ceramics with strong T-curve be-
havior. The relentless elimination of every last defect, as ad-
vocated by some,'**=% is not necessarily the ultimate in
processing strategies.

Our study has focused on alumina, for which the mecha-
nism of toughening is bridging grain pullout. However, we
would emphasize that similar grain-size dependencies are to
be expected in any material which exhibits T-curve (R-curve)
behavior, e.g., whether due to incorporated second phases
(e.g., fibers, whiskers), phase transformations, microcrack
cloud formation, or any other subsidiary energy-dissipative
process. This is not to preclude the possibility of ceramics
without an R-curve, e.g., single-phase cubic ceramics, ex-
hibiting an Orowan-Petch transition; but there the Orowan
branch can no longer be defined exclusively by material prop-
erties and requires additional detailed specification of the
intrinsic-flaw micromechanics.
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